Of the approximately 130 million births worldwide each year, four million infants will suffer from birth asphyxia and, of these, one million will die and a similar number will develop serious sequelae. Before being able to develop effective interventions, a better understanding of the pathophysiological mechanisms leading to brain injury and an early identi®cation of babies at high risk for brain injury are required. This study tests the predictivity of traditional and new markers of foetal oxidative stress in relation to neurodevelopmental outcome in 384 newborn infants. The results indicate plasma non protein bound iron as the best early predictive marker of neurodevelopmental outcome, with 100% sensitivity and 100% speci®city for good neurodevelopmental outcome at 0±1.16 mmol/l, and for poor neurodevelopmental outcome at values >15.2 mmol/l. The number of children with values between 1.16 and 15.2 were 195. Common use of this predictive marker in neonatology units will improve the ability of clinicians to identify those newborn babies who will develop neurodisability.
Introduction
Some progress has been made in treating high-risk term newborn babies and small preterm infants. This has resulted in major reductions in neonatal mortality and neurological handicaps due to perinatal injury, but certain pre-and postnatal conditions causing brain damage are still dif®cult to identify and treat. As a consequence, the risk of permanent damage remains unacceptably high: 2±6 infants per 1000 births develop hypoxic-ischaemic encephalopathy, resulting in sequelae of differing severity (World Health Organization, 1991) . Efforts to understand and prevent neonatal cerebral injury are therefore worthwhile.
To develop effective preventive measures, early identi®-cation of babies at high risk for brain injury is necessary. Although several methods (scoring systems, markers, EEG, cerebral function monitoring, etc.) are developed for early identi®cation of neonates who may bene®t from intervention, these indexes are reported to have a limited predictive value for death or survival with abnormal neurodevelopmental outcome (Goldenberg et al., 1984; Low et al., 1985; Ruth and Raivio, 1988; International Neonatal Network, 1993; Greisen, 1994) .
Recently, we demonstrated the damaging effect of free radicals in preterm hypoxic babies in perinatal period (Buonocore et al., 2000 (Buonocore et al., , 2002a . Reactions involving free radical toxicity in neonates have a high potential for tissue damage, and particularly brain damage because fast-growing tissues are especially sensitive to free radicals (Goplerud et al., 1992; Sorg et al., 1997; Palmer et al., 1999) . Free radical release is followed by endothelial cell damage, haemostatic abnormalities, in¯ammatory reactions, brain cell damage due to astrocyte dysfunction, n-methyl-Daspartate receptor impairment and synaptosome structural damage (Dammann and Leviton, 1997; Bracci, 1999; Mishra and Delivoria-Papadopoulos, 1999; Akhter et al., 2001) . Free radicals may be generated by several sources including phagocyte activation, catecholamine metabolism, mitochondrial dysfunction, arachidonic acid cascade and Fenton's reaction driven by non protein bound iron (NPBI). Indirect markers of increased free radical release and perinatal brain injury have recently emerged with reports of increased advanced oxidative protein products (AOPP) and NPBI in erythrocytes and plasma of hypoxic newborns (Dorrepaal et al., 1996; Buonocore et al., 1998a Buonocore et al., ,b, 2000 Buonocore et al., , 2001 . Recently, we found that increased nucleated red blood cell (NRBC) count at birth is helpful in identifying perinatal hypoxia and in predicting neurodevelopmental outcome (Buonocore et al., 1999) Although experimental studies have demonstrated the key role of NPBI and free radicals in the development of hypoxic-ischaemic brain damage, the relationships between plasma and red cell markers of oxidative stress and brain damage remain unclear.
The present study was undertaken to evaluate the predictive role of certain new and conventional markers of intrauterine oxidative stress in cord blood for neurodevelopmental outcome.
Material and methods Patients
Four hundred of the 2902 babies born in the Neonatology Division (University of Siena, Italy) between 1st June 1997 and 31st May 2000 were enrolled in this prospective study according to a random algorithm using the Minitab statistical software package (Mintab Inc., State College, PA, USA). A sample size of 400 was judged suf®ciently numerous for meaningful statistical evaluation of new items (with unknown median and range of normal values) calculating a defection <10% at follow-up.
Babies not born in the clinic or with major congenital malformations, inherited errors of metabolism, blood group incompatibility, evidence of congenital infections, multiple gestation, anaemia or diabetic mothers were excluded. The study was masked throughout.
The number lost to follow-up during the study period was 16: one very low birth weight infant died; eight did not present for neurodevelopmental examination or did not complete it; three could not be traced; and four declined the invitation because the infant was well and supervised regularly by a paediatrician.
The ®nal cohort consisted of 384 newborns with gestational ages from 24 to 42 weeks: 225 >36 weeks, 90 from 32 to 36 weeks and 69 <32 weeks and birth weight <1500 g (birth weight ranged from 490 to 5300 g). Birth was accomplished by: normal delivery 129; elective caesarean section 178; and emergency caesarean section 77.
The study was approved by the Human Ethics Committee of the Medical Faculty, University of Siena and written informed consent was obtained from parents.
Methods
Heparinized blood samples were drawn from the umbilical vein after cord clamping immediately after delivery. Complete blood cell count and gas analysis were performed.
Variables selected for statistical evaluation were: gestational age; Apgar±1 min; Apgar±5 min; birth weight; pH; base de®cit; hypoxanthine (Hx, a recognized reliable biochemical marker of hypoxia); NRBC; NPBI; total hydroperoxides (TH); and AOPP.
Total white blood cell count was initially determined in the laboratory of our neonatal section. NRBC count was estimated by light microscope examination of May± Grunwald±Giemsa-stained blood smears. NRBC count was expressed as absolute erythroblast count (NRBC per mm 3 ) (Buonocore et al., 1999) . Blood gas analysis was performed with a Radiometer ABL 505 analyser (Radiometer, Copenhagen, Denmark) immediately after blood sampling. The blood was centrifuged and plasma and buffy coats were removed. To avoid storage effects, all analyses (including Hx, NPBI, AOPP and TH) were carried out in plasma within 2 h of blood sampling.
Hx levels were evaluated using a Varian Vista 5500 high performance liquid chromatograph equipped with a variable wavelength UV detector (Varian, model 4290, Palo Alto, CA, USA) as described previously (Buonocore et al., 2000) . AOPP were measured as described by Witko-Sarsat and colleagues using spectrophotometry on a microplate reader (Witko-Sarsat et al., 1996) . The instrument was calibrated with chloramine-T solutions, which absorb at 340 nm in the presence of potassium iodide. In test wells, 200 ml of plasma diluted 1:5 in phosphate-buffered saline (PBS) was distributed on a 96-well microtitre plate, and 20 ml of acetic acid was added. In standard wells, 10 ml of 1.16M potassium iodide was added to 200 ml of chloramine-T solution (0±100 mmol/l) followed by 20 ml of acetic acid. The absorbance of the reaction mixture was read immediately at 340 nm on the microplate reader against a blank containing 200 ml of PBS, 10 ml of potassium iodide and 20 ml of acetic acid. Since the absorbance of chloramine-T at 340 nm is linear up to 100 mmol/l, AOPP concentrations were expressed as mmol/ml chloramine-T equivalents.
TH production was measured with the d-ROMs Kit (Diacron Srl, Grosseto, Italy) expressed in conventional arbitrary units, called Carr units (U.CARR) as described previously (Buonocore et al., 2000) .
NPBI plasma levels were detected by HPLC using the method described by Kime and colleagues, but with some modi®cations (Kime et al., 1996) . The system was operated isocritically at a pressure of~115 Bar and¯ow of 0.75 ml/ min. The detection wavelength was 450 nm with a reference wavelength at 620 nm. A low af®nity ligand, disodium nitryloacetic acid, was used ®rst to complex all low molecular weight iron and iron non-speci®cally bound to serum proteins such as albumin. Because it does not remove iron bound to transferrin or ferritin, a two-step ®ltration process was used: ®ltration with a 100 kDa molecular weight cut-off Whatman ultracentrifuge ®lter (Whatman, Maidstone, Kent, UK) was followed by ®ltration with one having a cut-off at 20 kDa. The ®ltrate was analysed by direct injection into a reverse phase liquid chromatography system, utilizing precolumn derivatization with the high-af®nity iron chelator CP22 (3-hydroxyl-1-propyl-2-methyl-pyridin-4-one hydrochloride).
Hypoxic-ischaemic brain injury was ascertained by pulsed Doppler sonograms of the cerebral arteries and brain ultrasonography performed within 48 h of birth. Neonatal neurodevelopmental examinations were performed at a mean postmenstrual age of 38 weeks according to the criteria of Allen and Capute (Allen and Capute, 1989) . Follow-up visits were scheduled at age 1, 2, 4, 12 and 24 months. Physical and neurological examinations were performed by the same neonatal neurologist. Motor development was assessed in the areas of muscle tone, primitive re¯exes, automatic reactions, and head and trunk tone. The evaluation included quantitative changes and quality of performance in developmental patterns and milestones. Three to four transfontanellar cranial ultrasound examinations were performed within the ®rst 6±8 months of follow-up by one experienced neonatologist, blind to outcome. Hearing tests included free-®eld behavioural audiometry and timpanography, and were carried out by an audiologist. Children were also seen for formal assessment by a paediatric ophthalmologist. Formal developmental testing was performed with the Bayley Scales of Infant Development (Bayley, 1969) , an age-adjusted standardized test that compares motor development and cognitive skills to established nomograms with a psychomotor developmental index and a mental developmental index.
Fifty-one of the 384 babies (13.3%) showed persistent abnormal neurodevelopmental status at 24 months. This percentage was similar to that observed in whole population of newborns (n = 2902) in the study period.
Maternal/pregnancy variables capable of affecting the oxidation status, e.g. pre-eclampsia, drug use, smoking and alcohol abuse were considered to exclude independent effects on neurological outcome.
Statistical analysis
Summary statistics of data were expressed as mean T SD, 95% CI (con®dence interval) for the mean, median and 25th± 75th percentiles (interquartile range). The Kolmogorov± Smirnov test was performed on populations and subpopulations to check normal distribution of data. The Mann± Whitney U test for unpaired data was used for continuous variables.
The effects of potential confounding factors (such as gestational age and birth weight) on relationships between follow-up and other variables or their associations, and the identi®cation of subsets of independent variables that could be good predictors of the dichotomous follow-up variable were checked by multivariate logistic regression models with forward stepwise conditional selection of variables.
The above tests were performed using the SPSS V.6.1 for Windows statistical package (SPSS Inc, Chicago, IL, USA). Receiver operating characteristic (ROC) curve data were analysed using the STATA 6 statistical package (StataCorp, College Station, Texas, USA).
Results
The results of descriptive analysis and differences between babies with normal and abnormal outcome at 24 months are reported in Table 1 . No differences in maternal/pregnancy variables were observed between babies with normal and abnormal outcome at 24 months.
The Mann±Whitney U test for unpaired data showed signi®cantly higher plasma levels of Hx, NRBC, NPBI, TH and AOPP in cord blood of babies with abnormal development than in babies with normal neurodevelopmental outcome at 24 months. Conversely, birth weights, gestational ages and Apgar±1 min and Apgar±5 min scores were signi®cantly lower in babies with abnormal development than in babies with normal neurodevelopmental outcome at 24 months.
After codi®cation of neurodevelopmental outcome (dependent variable) as 0 for normal and 1 for neurological impairment, all independent variables (gestational age, Apgar±1 min and Apgar±5 min, birth weight, pH, base de®cit, Hx, NRBC, NPBI, TH and AOPP) checked by univariate analysis were considered in a multivariate logistic regression analysis with forward stepwise conditional selection of variables. The cut-off value of signi®cance chosen for each variable was 0.05 to enter in the model and 0.1 for removal.
Variables meeting the above criteria were in order of decreasing signi®cance: NPBI (model c 2 = 79.7, P = 0.0000), gestational age (model c 2 = 117.8, P = 0.0000), pH (model c 2 = 125.4, P = 0.0000), TH (model c 2 = 137.2, P = 0.0000) Apgar±5 min (model c 2 = 144.2, P = 0.0000), NRBC (model c 2 = 148.2, P = 0.0000), Hx (model c 2 = 153.2, P = 0.0000); base de®cit, AOPP, Apgar±1 min and birth weight were not signi®cant.
Partial correlation between the dependent and each independent variable (R) with relative estimated coef®cients (B), signi®cance (P) and exponential or odds ratio Exp(B) showed that the logistic model correctly predicted 92.68% of cases (Table 2 ).
All ROC curves enabled impairment and normal neurodevelopment to be distinguished; the largest area was that of NPBI showing 100% sensitivity and 100% of true negative fraction for a good neurological outcome with ranges between 0 to 1.16 mmol/l. Conversely, 100% of poor neurodevelopmental outcome was observed for NPBI values >15.2 mmol/l. The NPBI plotted curve indicated 3.83 mmol/l as the best predictive threshold with a sensitivity of 88.2% (95% CI 76.1±95.5) and speci®city of 79.3% (95% CI 74.5±83.5) ( Table 3 and Fig. 1 ).
Discussion
Tissue damage has been demonstrated when NPBI concentrations are high due to iron overload and transferrin saturation (Berger et al., 1995; McNamara et al., 1999) . Plasma NPBI is reported to be higher in human newborns than at any other age (Dorrepaal et al., 1996; Buonocore et al., 2001) . Adult plasma does not contains NPBI: transferrin saturation is only 20±35% and conversion of ferrous to ferric iron which binds to transferrin is facilitated by ferroxidase in plasma proteins (Lindeman et al., 1992) . In the present study, NPBI levels in cord blood were signi®cantly higher in neonates with a poor outcome than in those with normal neurodevelopmental outcome. The highest sensitivity and speci®city of plasma NPBI strongly indicate NPBI at birth as a reliable index of brain damage. It is worthy to note that no babies with a normal value of NPBI (range within 0 and 1.16 mmol/l) subsequently exhibited neurological abnormalities.
NPBI in plasma causes release of hydroxyl radicals by superoxide and hydrogen peroxide possibly via iron±oxygen complexes Buonocore and Perrone, 2002b) .
On the other hand, newborn infants, especially preterm ones, have high transferrin saturation. This condition can become crucial during acidosis, which is known to induce removal of iron from safe sites . Acidosis during cerebral ischaemia potentiates oxidative neuronal death resulting from impaired antioxidant enzyme functions. Increased intracellular free iron levels in rat brain in vivo and neuronal death resulting from iron-induced free radical release and reduced activity of antioxidant enzyme have been described (Waterfall et al., 1996; Ying et al., 1999) . Enhanced proteolytic activity occurring in injured tissue also releases iron from storage proteins (Rothman et al., 1992) . When NPBI gains access to the extracellular space, its uptake by cells is enhanced by intracellular calcium and, paradoxically, by increased levels of intracellular iron (Kaplan et al., 1991) .
It is still unclear whether NPBI is only the consequence of removal of iron by transferrin due to acidosis or increased redox iron released by other sources. Some authors suggest that iron may be removed from storage protein because of the very low plasma and tissue pH typical of asphyxiating foetuses and newborns (Dorrepaal et al., 1996) . The complexity of iron-ferritin reactions makes this hypothesis dif®cult to demonstrate.
In our previous papers, we reported increased red cell NPBI content in hypoxic newborns (Buonocore et al., 1998 (Buonocore et al., , 2001 . These data are in line with recent reports of increased haemoglobin auto-oxidation during hypoxia and the subsequent demonstration of increased NPBI release from newborn erythrocytes during incubation under hypoxic conditions (Dorrepaal et al., 1996) . Furthermore, our preliminary studies on red cells incubated under hypoxic conditions suggest that redox iron is released by red cells irrespective of haemolysis (Ciccoli et al., 2001) . Thus, we speculated that besides acidosis, NPBI may be due to iron released from red cells stressed by hypoxia. The brain may be especially at risk from free radicalmediated injury because neuronal membranes are rich in polyunsaturated fatty acids (Halliwell, 1992) . Moreover, the iron-binding capacity of CSF is low (low transferrin concentrations), and most of the iron could be in its active ferrous form because of the high concentrations of vitamin C and low concentrations of ceruloplasmin in CSF (Gutteridge, 1992a, b) . It is, therefore, possible that plasma NPBI is a predictive marker of free radical-mediated brain damage. In testing the predictivity of NPBI for neurodevelopmental outcome against other possible perinatal variables in newborn infants (gestational age, birth weight, Apgar±1 min, Apgar±5 min, pH, base de®cit, AOPP, Hx, TH, NRBC and NPBI) by univariate analysis, we found that all variables except pH and base de®cit showed signi®cant statistical differences between babies with normal and abnormal outcome at 24 months, This suggests their possible utility for recognizing brain damage.
Of the subset of independent variables tested by multivariate analysis and multivariate logistic regression analysis for predictivity of neurodevelopmental outcome, NPBI ranked ®rst in the hierarchy followed by pH, gestational age, Apgar±5 min, TH, NRBC and Hx. This result strongly supports the role of these factors, and particularly NPBI, in predicting brain damage. To verify the reliability of this hypothesis, we used cut-off values obtained by ROC analysis.
When ROC curves were used to test the performance, diagnostic accuracy, practical clinical value and usefulness of the above measures for predicting neurodevelopmental outcome, they indicated reliable sensitivity and speci®city thresholds for each value of NPBI. NPBI area showed better predictivity for babies with poor outcome than those with normal neurological outcome. It was the ®rst marker included in the logistic regression model and showed the best partial correlation coef®cient and a greater area under the ROC curve than the other variables.
In conclusion, plasma NPBI appears to be a reliable new early indicator of intrauterine oxidative stress and brain injury. Its use in neonatology units will improve the ability of clinicians to predict those newborn babies who will develop neurodisability. Reliable prediction is essential if therapeutic research is to be accurately targeted.
